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ABSTRACT. The influence of nanostructuring and quantum confinement on the thermoelectric 
properties of materials has been extensively studied. While this has made possible multiple 
breakthroughs in the achievable figure of merit, classical confinement and its effect on the local 
Seebeck coefficient has mostly been neglected, as has the Peltier effect in general due to the 
complexity of measuring small temperature gradients locally.  
Here we report that reducing the width of a graphene channel to 100 nanometers changes the 
Seebeck coefficient by orders of magnitude. Using a scanning thermal microscope allows us to 
probe the local temperature of electrically contacted graphene two-terminal devices or to locally 
heat the sample. We show that constrictions in mono- and bilayer graphene facilitate a spatially 
correlated gradient in the Seebeck and Peltier coefficient, as evidenced by the pronounced 
thermovoltage 𝑉th and heating/cooling response Δ𝑇Peltier respectively. This geometry dependent 
effect, which has not been reported previously in 2D materials, has important implications for 
measurements of patterned nanostructures in graphene and points to novel solutions for effective 
thermal management in electronic graphene devices or concepts for single material 
thermocouples. 
 
 
 
TEXT. Solid-state thermoelectric devices have long been attractive to researchers and 
engineers alike, due to their capability of reliably converting waste heat to electricity and the 
possible thermal management applications.
1–4
 In addition, an in-depth understanding of 
thermoelectric phenomena is important to correctly interpret photocurrent and electrical transport 
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measurements where these phenomena can play a major role.
4,5 
There are two complementary 
thermoelectric effects, the Seebeck effect and its Onsager reciprocal, the Peltier effect. For the 
first, a temperature difference Δ𝑇 will induce the buildup of a thermovoltage  Δ𝑉 = −𝑆∆𝑇 across 
a material with a Seebeck coefficient S. Vice versa, for the second, an electrical current 𝐼 induces 
a heat flow ?̇? = Π𝐼, where Π = 𝑇𝑆 is the Peltier coefficient.6  
A resurge in interest in this topic was initiated by Hicks and Dresselhaus’ theoretical findings 
that reducing the dimensionality of thermoelectric materials could significantly increase their 
efficiency.
7,8
 This is measured by the dimensionless figure of merit 𝑍𝑇 =  
𝑆2𝜎
𝜅
𝑇 – a function of 
the electrical (𝜎) and thermal (𝜅) conductivity – and the principle has since been demonstrated 
by various groups.
9,10
 Amongst the techniques that have been employed are building 
nanocomposites from nanocrystal blocks,
11
 nanostructuring quantum dot superlattices,
9
 the 
exploitation of negative correlations between electrical and thermal conductivity,
12
 and band 
engineering.
13,14 
Moreover, classical rather than quantum confinement has been reported to cause 
an increase in the Seebeck coefficient in gold and Antimony Telluride nanowires.
15,16
  
Here we present high resolution Scanning Thermal Microscopy measurements of 100 nm wide 
graphene bow-tie nanoconstrictions that show a pronounced spatial dependence of the Seebeck 
and the Peltier effect. This change in the local Seebeck coefficient is attributed to a shortened 
effective Electron Mean Free Path (EMFP) due to edge scattering and opens up the possibility to 
readily produce two dimensional one-material thermocouples as well as accessible local 
temperature management and improved heat dissipation.    
 
We perform our measurements with a Scanning Thermal Microscope (SThM) – effectively an 
atomic force microscop (AFM) with a microfabricated resistor incorporated close to the tip
17
 - 
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using two different protocols to map the Seebeck and Peltier effect as well as the Joule heating. 
In the Peltier measurement, we use a recently developed non-equilibrium scanning probe 
thermometry method:
18
 an AC bias Vbias applied to the device through the global contacts causes 
an AC current Ibias which results in Joule heating and Peltier heating/cooling. By measuring the 
temperature response of our SThM tip as it is scanned over the AC biased sample and 
modulating it at the first (Peltier) and second (Joule) harmonic it is possible to decouple the two 
effects and extract the respective heating/cooling values (see Figure 1a for the measurement 
schematics). In contrast, for the thermovoltage or Seebeck measurement, the SThM tip is heated 
by applying a high AC voltage to it and the global voltage drop over the device is recorded at the 
second harmonic as the hot tip is scanned over the sample. Both single layer and multilayer 
graphene are measured, but no thickness dependence in the size and distribution of the signal is 
found. 
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Figure 1. Nanoscale mapping of the Peltier effect in graphene nanoconstrictions. (a) An AC 
voltage bias 𝑉bias at 𝑓exc induces an AC current 𝐼bias through the constriction (black lines). In 
addition, a low AC bias with a DC offset is applied to the SThM tip through a Wheatstone bridge 
(magenta line). During scanning, the resulting signal in the tip (red lines) is demodulated at the 
respective frequency. This thermal signal is then demodulated at the first (𝑓exc) and second 
(2𝑓exc) harmonic, providing the Peltier heating/cooling (green) in b and  Joule heating (red) in c, 
respectively. The blue dashed lines symbolize the reference signal lines. (b) Peltier effect map 
showing the main heating/cooling effects around the constriction (c) Joule heating map, showing 
the hot spot in the middle of the constriction. (d) Simultaneously recorded height map used to 
outline the position of the constriction in the Peltier heating/cooling and Joule heating images. In 
b and c, the dotted-dashed lines indicate the contact position and the dashed line the outline of 
the graphene constriction. All scale bars are 1 μm. 
 
 6 
Peltier and Joule heating maps of the bow tie device, are shown in Figure 1b and c, 
respectively, where both show a high spatial dependence, with a strong signal around the 
constriction. The Joule heating exhibits a temperature increase while the Peltier signal shows 
cooling/heating on the respective side of the constriction and a node in the middle. The Peltier 
signal shown here corresponds to the measured amplitude multiplied by the sine of the phase 
signal. It is the temperature at a certain phase at the maximum applied modulation voltage. It is 
worth to mention that in time average no discernible Peltier heating or cooling is taking place at 
the constriction for an AC bias.
18
 
 Figure 1d shows the simultaneously measured height signal, which was used to determine the 
exact position of the device indicated in b and c. 
The Joule heating showing a maximum in the constriction is expected due to the increased local current 
density,
19
 however, given the continuous composition of the material in the constriction area, all 
thermoelectric effects in the device would be expected only in the vicinity of the Au electrodes.
20 
As can 
be seen in Figure 1b, the Peltier signal Δ𝑇Peltier becomes strongest around the constriction itself and 
outlines the shape of the graphene bow-tie where the signal at the edges is broadened out due to heat 
spreading into the surrounding SiO2 substrate. The SThM measurement of the device without current 
excitation, shows that the heat dissipation from the heated tip in the areas with and without graphene 
differs by less than 5% (see SI section 7). This is in agreement with findings by Tovee et al.
21
 on SThM 
scanning of solid state materials. Thus, it is reasonable to assume that the heat mostly spreads in the 
SiO2/Si substrate. The Peltier effect results in heating and cooling of up to Δ𝑇Peltier ≈±2K on either side 
of the constriction for an applied current of 𝐼𝑏𝑖𝑎𝑠 ≈ 90μA. A markedly similar behavior was found for 
𝑉th in the thermovoltage measurements on the same device (see Figure S5 in the Supporting Information) 
under open-circuit condition, confirming that the signal likely stems from a changed local Seebeck 
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coefficient. In addition, we observe comparatively weak “conventional” Peltier heating/cooling in 
the vicinity of the Au contacts (see Figure 1b) which is explained by the formation of a Peltier 
junction between gold and graphene at the contacts as reported previously.
4,20
  
Such a geometrical modification of the local Seebeck coefficient has been seen in metallic thin-film 
stripes and Au nanowires and was explained by structural defects and the metal grain structure, which in 
turn reduce the EMFP.
15,22
 The EMFP of graphene at room temperature, is typically on the order of 100s 
of nanometers and thus higher than in gold.
23
 However, it gets substantially reduced by defect potentials 
such as ones stemming from rough edges,
24
 which in our case have been created by the device patterning 
and amount up to an 80% reduction.
25
 This edge scattering becomes more dominant as the width of the 
graphene stripe Δ𝑦(𝑥) reduces, giving a position dependent mean free path, which can be written as  
𝑙(𝑥) =  𝑙0 [1 + 𝑐𝑛 (
𝑙0
𝛥𝑦(𝑥)
)
𝑛
]
−1
 ,        (1) 
where 𝑙0 is the bulk mean free path and 𝑐𝑛 and 𝑛 are numerical coefficients specifying the transport 
mode and the influence of scattering on the mean free path (see section 11 in the Supporting Information). 
To extract the bulk mean free path we perform gate conductance measurements on 43 μm long and 3 μm 
wide graphene ribbons that give us 𝑙0 ≈ 226 ± 20 nm (see section 3 Supporting Information). 
Using the Mott formula 𝑆 =
𝜋2𝑘B
2 𝑇
3𝑒
1
𝑅(𝜖)
 
𝑑𝑅(𝜖)
𝑑𝜖
|𝜖=𝜖F  we obtain an expression for the thermopower as a 
function of constriction width (see section 11 in the Supporting Information for more information): 
𝑆 = −
𝜋2𝑘B
2 𝑇
3𝜖F𝑒
[1 + 𝑛 𝑈
𝑙(𝑥)
𝑙0
− (𝑛 − 1)𝑈] ,       (2) 
where 𝑈 =
𝑑 ln 𝑙0
𝑑 ln 𝜖
|(𝜖=𝜖F) is the exponent of any power law dependence of the EMFP on energy. We 
expect this value to be between the short range disorder or electron-phonon interaction value 𝑈 = −1 
and the long range Coulomb interaction 𝑈 =  +1.26,27 Equation (2) predicts that the local Seebeck 
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coefficient decreases when the width of the channel is reduced, which leads to regions with different 
effective Seebeck coefficients in the bow-tie shaped devices.  
 
 
 
Figure 2. Modelling and fitting of Joule heating and thermoelectric effects in a bow-tie device. 
(a) From the top: schematic of the tip movement, 1D section cuts through the middle of the 
constriction of the calculated Seebeck coefficient, the tip-defined moving thermal gradient and 
the resulting thermovoltage measured and calculated respectively. The inset shows the quadratic 
tip voltage dependence of the thermovoltage signal in a log-log plot. (b) Joule heating at different 
applied voltage biases experimentally recorded (dots) and fitted to a COMSOL model (lines). 
The smallest Joule heating signal (1 Vpp, yellow) is used to extract the electrical and thermal 
conductivities for the entire model ( 𝜅 =  120 Wm−1K−1 , 𝜎 =  5 ∙ 105 Sm−1 ). (c) Peltier 
heating/cooling at 1 Vpp, experimental and simulated from the COMSOL model using the 
calculated Seebeck coefficient from (a). The zero of the tip position is centered at the middle of 
the constriction for all figures. 
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Using Equation (1) and (2), we can model 𝑉th(𝑥) and compare it to the measured thermovoltage 1-D 
line section signals. As shown in Figure 2a, 𝑉th(𝑥) =  − ∫ 𝑆∇𝑇 𝑑𝑥
𝑅
𝐿
 is calculated by taking the integral 
of 𝑆∇𝑇 over the whole length of the device at each point. In the measurement and in our calculations, the 
Seebeck coefficient is only dependent on the width of the constriction and its distribution does not change 
as we move the tip, while the temperature gradient Δ𝑇tip induced by the heater voltage 𝑉heater is always 
centered at the tip position x and thereby moves as we scan over the sample. The heater temperature Δ𝑇tip 
is obtained from calibrating the tip and measuring the thermal resistance between the heater and the 
sample (see Supporting Information 7). It is worth noting here that there is an inherent uncertainty of 15-
20% of the heater temperature that can lead to an over or underestimation of the measured effect. 
However this does not change the conclusion and main results of our work. Fitting the calculated 
values to the line cut of the thermovoltage measured with and estimated Δ𝑇tip ≈ 18 ± 2 K gives the 
dimensionless parameters 𝑐𝑛 ≈ 0.56,  𝑛 ≈ 2.6 and 𝑈 ≈  0.88. Using these fitting results we calculate a 
bulk Seebeck coefficient of 𝑆 ≈ 118 μV K−1, which is similar to values previously found for graphene 
at room temperature.
28
 This value reduces to 𝑆min ≈ 0.34 𝜇𝑉𝐾
−1 in the middle of the junction due to 
the reduction of the mean free path within the constriction. This decrease by orders of magnitude can be 
explained by Equation (2): it involves a difference of terms, which results in a big variation of S for 
relatively small changes in the EMFP. 
 
To further test the influence of geometrical confinement on the thermoelectric properties of 
graphene devices we have tested an “island” structure, where wide and narrow parts of graphene 
alternate and which is showing a pronounced signal at these junctions (see Figure S13 in the 
Supporting Information). It is worth to mention that applying a back gate voltage enables us to 
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change the doping from 𝑝++-doping (-30V) to 𝑝-doping (30V) which results in a modification of 
the signal strength in the constriction by approximately 20% due to the changed carrier density 
(see Figure S11 in the Supporting Information).
28
 
The spatially dependent Seebeck coefficient extracted from the thermovoltage fit can be used to 
develop a COMSOL model that can reproduce our experimental Joule heating and Peltier signal (see 
Figure 2b and c). In this model the effective thermal conductivity 𝜅 =  120 W(mK)−1 and the electrical 
conductivity 𝜎 = 5 ∙ 105 Sm−1  are the only fit parameters. The spatial heat distribution is mainly 
determined by the SiO2  layer and only slightly modified by the thermal conductivity of the single 
graphene layer. 
 
We have in addition studied the current dependence of all measured signals by placing the tip on 
one side of the constriction as the current through the device, 𝐼bias, (in the Peltier and Joule 
heating measurements) or through the tip, 𝐼heater , (in the thermovoltage measurements) is 
increased. In both the Joule heating and the thermovoltage measurements, a square current 
dependence on the current is observed (see Figure 2a and b inset), in agreement with the Joule-
Lenz law (𝑃 ∝ 𝐼2𝑅). 
However, in the Peltier measurement of the bow-tie device, we find that an initially linear 
dependence changes to a cubic one as we increase the current 𝐼bias. As can be seen in Figure 3a, 
the data can be fitted with a combination of a cubic and linear term, where the crossover point is 
located at approximately 𝐼bias =  33 μA. This is a deviation from the simple linear dependence 
predicted by ?̇? = Π ∗ 𝐼𝑏𝑖𝑎𝑠 =  𝑆𝑇 ∗ 𝐼bias. We find this behavior in all geometries measured, with 
the crossover happening at different current levels (Figure S7 in the Supporting Information).  
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Figure 3. Deviation of the experimental data from the linear Peltier model. (a) Fit of the current 
dependency of the Peltier heating in the constriction for a linear and cubic (grey line) and fifth 
order term (red line). For the cubic dependency, which seems to fit the data better, the Peltier 
heating switches over from a linear to a cubic current dependency where the switchover point is 
marked by the black dotted-dashed line. The orange dotted line is linear with respect to the 
current and the blue dotted line is cubic and serve as a guide to the eye. (b) Comparison of the 
Peltier heating/cooling to the COMSOL model at 3𝑉𝑝𝑝 . A big discrepancy between the 
COMSOL model and the experimental data is visible both in shape and in amplitude. The 
asymmetry in the experimental data is sample specific and might be linked to the nanoscale 
structure of the nanoconstriction (see Table T1 in the SI). The inset shows the current 
dependency of the simulated Peltier heating, which is linear, save for a small correction (∝ 1.02) 
due to the Joule heating. 
 
We attribute the unusual current dependence observed in our experiments to an “electron 
wind” effect: if the drift velocity 𝑣drift  becomes comparable to the Fermi velocity 𝑣F  heat is 
shifted with respect to the position of the constriction, effectively cooling one side and heating 
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the other side. For this effect, we expect the Peltier heating/cooling to take the form of a sum of 
the common linear Peltier effect and a cubic term. The latter originates from an increasing drift 
velocity (linearly increasing with current) and the temperature of the hot carriers created by Joule 
heating (quadratic current dependency) which add up to an additional cubic term (see Supporting 
Information for a full derivation). Indeed, we find that a fit of this model to the measured data 
provides a good agreement, compared to other higher order terms (see Figure 3 and SI). The drift 
velocity in our devices is given by 𝑣drift =
𝐼
𝑛𝑒𝑊
≈ 0.25 ⋅ 106ms−1  where 𝐼 ≈ 40 μA  is the 
current through the device, 𝑛 the carrier density, 𝑒 the elementary charge and 𝑊 = 100 nm the 
width of the constriction. This velocity is approaching the Fermi velocity in graphene, 𝑣F ≈
106 ms−1. The carrier density is approximated by the low current value of 𝑛 = 1016 m−2. A 
similar electron wind effect has been observed for varying gate voltages in graphene devices.
29 
 
An alternative origin of the non-linearity of the Peltier effect is the temperature dependence of 
the Seebeck coefficient. The latter increases because of local Joule heating, which would give 
rise to a fifth order current dependence since ?̇? ∝ 𝑆𝑇𝐼 ∝ 𝑇2𝐼 ∝ 𝐼5 . However, since the 
measurements are performed at room temperature (300K) and only a few Kelvin temperature 
increase due to Joule heating are measured the impact on the Peltier heating/cooling is negligible 
(see section 1 in the Supporting Information). Furthermore, the temperature increase is also taken 
into account in the finite element analysis (FEA) of the Peltier heating/cooling, which solves for 
the full thermoelectric equation (𝜌𝐶𝑝𝒖𝛻𝑇 = 𝛻(𝑘𝛻𝑇 − 𝑃𝑱) + 𝑄, (see Supporting Information). The 
results of this FEA suggest a small deviation of only 2% from the linear exponent (see inset Figure 
3b), which is about two orders lower than the observed change to a higher order exponent in the 
experiment.  
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Nevertheless, it is important to stress, that while a heat drift in the constriction due to high drift 
currents can explain the observed deviation from a linear current dependency as expected for the 
Peltier effect, the insufficient quality of the data does not allow us to proof the validity of this 
model. Thus, further investigations of this effect will be necessary. 
 
To summarize, we observe a strong geometrical dependence of both the Peltier and the 
Seebeck effect in graphene nanoconstrictions dominating over the previously reported 
thermoelectric effect at the graphene-metal interface.
4,20
 We can explain this local variation of 
the Seebeck coefficient by a reduction in the EMFP, which is caused by the increased scattering 
from the edges. Compared to Au nanowires, where a similar effect has been observed 
previously,
15
 graphene is a more suitable system for achieving control of the mean free path, due 
to its lower dimensionality and also comparatively bigger electron mean free path. Furthermore, 
we observe an additional contribution to the Peltier effect by an ‘electron wind’ resulting from 
the high drift velocity of charge carriers in the constriction. This work highlights the major 
influence of disorder and geometry on thermoelectric properties of graphene. Thus, 
thermoelectric effects are likely present in graphene whenever edge scattering becomes 
appreciable and can lead to undesired heating/cooling. Similarly, any temperature gradient across 
an edge scattering region will create a parasitic voltage drop over the device. These are important 
consideration for future photothermoelectric as well as thermal and electrical transport 
measurements in nanoscale electronic devices. 
In addition, our findings have implications for thermal management in future integrated 
circuits made out of graphene: The results open a path to producing a single material 
thermocouple or Peltier element that can be precisely positioned using electron beam 
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lithography. As shown in Figure S13 in the Supporting Information, a substantial reduction of 
the channel width effectively creates a highly localized Peltier element which could be used for 
local cooling or temperature sensing. Such all-graphene thermocouples could be integrated into 
planar device structures on a wafer scale and at comparatively low costs. 
 
Methods 
Device fabrication 
The devices were fabricated by transferring two different types of CVD graphene,
30
 multilayer (2-4 
layers) and single layer (see Supporting Information), on top of a Si chip with a 300 nm SiO2 and pre-
patterned Cr/Au contacts using a standard wet transfer method.
31 
Subsequently, the graphene was 
patterned into the different geometries employing standard electron-beam lithography and then 
etched into different geometries using oxygen plasma etching.   
Scanning Thermal Microscopy measurement methods 
The SThM is located in a high vacuum environment, prohibiting parasitic heat transfer between 
the tip and the sample to achieve a better thermal resolution.
18,32
 In our measurements, the spatial 
resolution is limited by the size of the tip-sample contact which is on the order of tens of 
nanometers. 
We used two distinct scanning measurement methods, passive SThM temperature probing and 
active heated-probe local thermovoltage measurements. 
In the Peltier measurement, the device is electrically excited with an AC bias 𝑉bias through the 
global contacts at a frequency of 𝑓 = 17Hz. The SThM tip is scanned over the sample, measuring 
the temperature Δ𝑇peltier  at the first harmonic (𝑓 ) using a SRS830 lock-in (see Figure 1a). 
Simultaneously the unmodulated temperature-dependent DC signal and the Joule heating signal 
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Δ𝑇joule , measured at the second harmonic (2 𝑓 ), are recorded. The Peltier and Joule 
measurements were performed following Menges et al.,
18
 to exclude tip-sample contact-related 
artefacts (see section 7 in the Supporting Information and 
18
). 
In contrast, for the thermovoltage scanning method, the SThM tip is heated up by applying a 
high AC voltage of 𝑉heater =  2.24 𝑉pp  to the temperature sensor. This Joule heating of the 
SThM tip at a frequency of  𝑓T = 57Hz, results in a modulation of the SThM resistor temperature 
of approximately 60K, leading to a SThM tip temperature modulation of ΔT ≈ 18 ± 2 K  at the 
interface with graphene (see section 7 Supporting Information). This local heat source is then 
scanned over the sample while the global voltage drop 𝑉th over the two contacts is measured 
with a SR560 voltage pre-amplifier and a SRS830 lock-in amplifier at the second harmonic (2𝑓T) 
(see Figure 1b). Our thermovoltage measurements do not require electrical contact between the tip and 
the sample, as does a similar method reported previously,
33
 and thereby eliminate linked uncertainty, as 
well as requirements on the strength of the electrical tip-sample contact. To rule out effects on the 
measured signal stemming from accidental phase errors in the lock-in signal, we performed a DC 
measurement where a positive and negative square wave are applied respectively and the two 
resulting temperature maps are subtracted. This configuration shows the same signal as the AC 
measurements, thereby eliminating the possibility of an unintended phase effect causing the 
signal (see Supporting Information).  
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